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Back g round: We previously documented significant decreases in chlorpyrifa; concentrations 
in maternal personal and indoor air samples among pregnant African-American and Dominican 
women from New York Cityafter the 2000-2001 restrictions on i1s residential use. 

o Bj!ctive : We undertook a biomarker validation study within the sane cohort to evaluate trends 
owrtime in multiple biomarkers of prenatal chlorpyrifasexpa;ure. 

Met hods: Subjects ~~~~ere enrolled IJet1M!en February2001 and May 2004 (n = 102). We measured 
3,5,6-trichloro-2-pyridinol (TCPy) in pa;tpartum meconium (n = 83), repeat prenatal maternal 
spot urinesamples(n = 253), and pa;tnatal urine from themotherstl = 73) and OONborns(n= 59). 
Wemeasuredchlorpyrifasin pa;tnatal maternal (n= 92) and umbilical cord (n= 65) blood. 

resu 1 ts: We did not detect TCPy in infant urine, but all other biomarkersshoiM!d a highlysig -
nificant decrease in detection frequencies ( x2 = 7.8-34.0, p S 0.005) and mean ranks ( p S 0.006, 
Kruskai-Wallis) among subjects enrolled in 2003-2004 compared with tha!e enrolled in 2001-2002. 
Chlorpyrifa; in maternal personal and indoor air declined 2- to 3-fold over the same period 
(p < 0.05). In 2001-2002 samples, TCPy levels in repeat prenatal urine were positively correlated 
(r = 0.23-0.56), but within-eubject variability exceeded IJetiM!en-eubject variability (intraclass cor -
relation coefficient= 0.43); indoor air levels explained 19% of the variance in prenatal urine TCPy 
(p= 0.001). Meconium TCPyconcentrationswere positively correlated with chlorpyrifas in maternal 
and cord blood (r= 0.25-0.33, p < 0.05) and with TCPy in maternal urine (r= 0.31, p < 0.01). 

con c 1 usi o ns: Resu11ssumest the biomarkers are reliable dosimeters to differentiate between 
groups with prenatal chlorpyrifas expa;ures varying by a factor of 2 or more and vividly illustrate 
the effica:y of residential restriction on chlorpyrifa; to reduce the internal da;e during pregnancy. 

ke; words: biomarkers, chlorpyrifos, cord blood, indoor air, maternal blood, meconium, preg -
nancy, urine. Environ Health Persp:ct 117:559-567 (2009). doi:10.1289/ehp.0800041 available 
via http://dx.cb.org' [Online 5 December 2008] 

RESidential p:lSticide t.re iswidESplffid in the 
United StatES. Eighty-five percent of Arrerican 
hot.reholdsstoreat la:st one p:lSticide in their 
horne, and approximately 10% of the rTlE'ffi of 
oonventional p:lSticidES Lred annually in the 
United StatES are applied in and around the 
horne (Adgateet al. 2000; Kiely et al. 2004). 
Until its t.reWcS restricted, chlorpyrifcsWcS 
one of the rncst widely t.red insecticidES for 
rESidential p:lS1: oontrol. Ure WcS particularly 
heavy in Ne.NYork City. During 1997, the 
amount of the insecticide applied by licenred 
applicators in Ne.N York City exo:eded the 
amount applied inanyotheroounty in Ne.N 
York State, including ~ricultural oommu­
nitiES (Thier 1998). In June 2000, the U.S. 
Environmental Protection Agency (EPA) 
entered into an ~re:ment with the re;Jistrant 
to be;Jin phasing out rESidential chlorpyrifcs 
uresand to terminate all retail salES for indoor 
use by December 2001 (U.S. EPA 2000). 
Chlorpyrifcs is still widely t.red in ~ricul­
ture, with approximately 10 million pounds 
applied annually in the United StatES; use 
on oorn oonstitutES the largest market share 
(U.S. EPA2002). 

We have previously reported on chlor­
pyrifcsooncentrations in IESOnal and indoor 

air samplES among a oohort of 1 02 women 
rESiding in inner-city oommunitie;within Ne.N 
York City (Whyatt et al. 2007). Chlorpyrifcs 
WcS detected in 99% of 48- hr maternal per­
sonal air samplES during the 32 nd VVEek of 
p~nancy and in 99.7% of 2-\t\Eek. integrated 
indoor air samplEs oolle:cted ~t.entially from 
the 32nd VVEek of pre;Jnancy until delivery. 
ThereWcS little within-home variability in 
indoor air levels; betVVEen-horne variability 
ax::ounted for 92% of the variance in chlorpy­
rifcsair ooncentrations. Hov..ever, indoor and 
pe~ronal airsampiEsde:clined significantlyafter 
the rESidential phca:;out of chlorpyrifcs t.re: 
froman~of 12.4 ng/m 3 for indoor air 
and 9.3 ng/m3 for IESOnal air among subjects 
monitored in 2001 to an~ of 2.4 and 
2.2 ng/m3, resp:ctively, among subjEcts moni­
tored in 2004. Here \1\e report of a biomarker 
validation study within the same cohort. 

Biological markers of chlorpyrifcs have 
bEEn ured extensively in prior re:earch to 
C'flXffi the extent and pathways of expcsure in 
both children and adults (Clayton eal. 2003; 
Curl et al. 2002; Lu et al. 2006; Morgan et al. 
2005; Pang et al. 2002) and to evaluate the 
effects of expcsure on fetal and pest natal 
development (Berkowitzetal. 2004; Engel 
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et al. 2007; Eskenazi et al. 2004, 2007; Rauh 
et al. 2006; Whyattet al. 2004). In general, 
biomonitori ng studiES of ron temporary pes­
ticideexpcsure:;employ urinecs the matrix 
becat.re ofa:re of oollection (Barr and Angerer 
2006). The mcst oommon urinary biomarker 
of chlorpyrifcs is 3,5,6-trichloro-2-pyridinol 
(TCPy). TCPy isalsoarnetaboliteofchlo­
rpyrifos-rnethyl and triclopyr (Morgan et al. 
2005). Additionally, TCPy can be derived 
from expcsure to environmental degradation 
products of chlorpyrifcs (Barr and Angerer 
2006). Prior biornonitoring studiES have also 
measured chlorpyrifcsor its metabolite in 
blood and 111Emnium (Whyatt and Barr 2001; 
Whyatt et al. 2003). HoV~.eJer, no prior study 
hcs measured all of thEre biomarkers simul­
taneously within one oohort over a period 
when exposure:; were declining rapidly. The 
pre:ent biomarker validation study is nested 
within the longitudinal birth oohort study 
of 725 African-American and Dominican 
mothers and ne.Nborns from Ne.N York City 
being oonducted by the Columbia Center for 
Children's Environmental Health (CCCEH ). 
It includES measurements of chlorpyrifcs or 
its metabolite in urine, blooq and 111Emnium 
oollected during pre;Jnancy and after delivery 
from 102 mothers and ne.Nborns enrolled 
into the CCCEH oohort betv\en 2001 and 
2004. The primary purpcre of this study WcS 
to aa:ss whether chlorpyrifcs biomarkers 
declined afterthe pha3:!out of rESidential ures. 
We also undertook this study to evaluate the 
interrelationship betv\en the biomarkers and 
to evaluate the within- and betwEen-subject 
variability in TCPy le.tels in repxrt spot urine 
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samples collected from the mothers during 
pregnancy. Chlorpyrifcs ha5ashort biological 
half-life in blood,adiposeti~and urine of 
an estimated 24, 62, and 15-30 hr, respec­
tively (Barr and Angerer 2006). Previous 
rEEEErch ha5 documented significantintraindi­
vidual variability in urinary metabolite levels 
in children and adults (Mcclntosh etal. 1999; 
MEeker et al. 2005 ), but no prior studies hate 
~variability in TCPy levels in repeat 
spot urine samples collected from women 
during pregnancy. 

Materials and Methods 
The study includes 102 African-American 
and Dominican women relected from the 
CCCEH cohort. Enrollment criteria for the 
CCCEH cohort have been described eire­
where (Perera et al. 2003; Whyatt et al. 2002, 
2003). Women were enrolled through the 
prenatal clinics at Ne.N York Presbyterian and 
Harlem Hcspital Centers in Ne.N York City 
between 2001 and 2004. We restricted the 
study to women 18--35 years old whorelf­
identified csAfrican American or Dominican 
and had resided in northern Manhattan 
(Central Harlem or Wcshington Heights/ 
Inwood) or the South Bronx for ~ 1 year 
before pregnancy. Women rere excluded if 
they smoked cigarettes or ured other tobccco 
products during pregnancy, ured illicit drug:;, 
had diabetes, hypertension, or known HIV, 
or had their first prenatal visit after the 20th 
week of pregnancy. All women vvere regis­
tered to deliver at New York Presbyterian 
or Harlem Hospital Center. In addition to 
the enrollment criteria for the full CCCEH 
cohort, \I've restricted enrollment into thepres­
ent study to women who rere not employed 
outside the horne at the time of enrollment, 
to eliminate confounding from pesticide 
expcsures in theworkpla:e. Workpla:eexpo­
sures would bed ifficult for the woman to reH 
ably quantify. We explained studyprocedures, 
including the peJSOnal and indoor air moni -
tori ng and collection of biological samples, to 
a:ch subject at enrollment. We scheduled the 
personal and indoor air monitoring to com­
mence around the 32 nd vveek of pregnancy. 
The study Wa5 approved by the Institutional 
Re.tie.N Beard at Columbia Uni\.ersityand all 
study subjects Qi3\€ written informed conrent 
before participating. 

As described previously (Whyatt et al. 
2007), the women in the pre:entstudyrere 
comparable with women in the remaining 
CCCE H cohort in terrrs of maternal ~' etl=l 
nicity, marital status, and annual hourehold 
income, and a similar proportion reported 
using p:st control methods during pregnancy. 
Ho\11/ever, a grEEter proportion of women in 
the prerent study compared with there in 
the remaining CCCEH cohort reported lESS 
than a high school education (46% vs. 34%; 
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x2 = 5.8, p = 0.02), and a greater propor­
tion of the women in the remaining CCCEH 
cohort compared with there in the prerent 
study reported employment at some point 
during pregnancy (55.7% vs. 41%; x2 = 7.4, 
p< 0.01). Mcst of the women (96%) in the 
prerent study lived in residential apartment 
buildings; the remaining lived in multifamily 
housing (n = 3) or in combined residential/ 
commercial buildings f:7 = 1 ). 

Questionnaire data. Weadministered a 
45-min questionnaire to the women at the 
first home visit during the 32nd week of 
pregnancy. It included bcsic demographic 
information, neighborhood and home charas 
teristics, history of cctiveand pcmivesmoking, 
and history ofexpcsures, including p:sticide 
ure during pregnancy. In addition, at each 
bivveekly home visit, vveadministered a short 
10--15 min questionnaire to gather expcsure 
information specific to pesticide exposures 
during the preceding 2 vveeks. Questions 
included whether pests (specifically cock­
rocches, mire, rats, or other p:sts) reres:en 
in the horne, frequency of sighting:; o>ver the 
2-vveek period, and whether any pest control 
rnea:;ures vvere ured over the prior 2 weeks 
either by an exterminator or by others in the 
home (the participant, building superinten­
dent, or other hourehold member). If pest 
control mea:;ures vvere ured, vve gathered 
information on which methods vvere ured, 
who ured them, what pest they vvere ured for, 
and how frequently they rere ured. Becaure 
47% of the cohort spoke Spanish, the inter­
vievvsvvereconducted in both Spanish and 
English by a fully bilinguai~ESX~rch staff. We 
gathered a total of 333 2-vveek questionnaires 
from the study participants; 74% of women 
completed thrre or more questionnaires. 

lnckx>r and pe1971a/ air sampling. The 
indoor air monitoring Wa5 conducted con­
tinuously beginning during the 321d week of 
pregnancy until delivery. We collected 2-week 
integrated indoor air samples every 2 weeks 
throughout the monitoring period .We moni­
tored theair usingapumpwitha 0.5-L/min 
flow rate attcched to a polyurethane foam 
(PUF) sampler with a 2. 5-!Jm inlet cut fit­
ted with a 25-mm quartz fiber filter and a 
fcan cartrid~bcckup to capturerernivolatile 
vapors and cercsols, cs previously described 
(Whyatt et al. 2007). The pump Wa5 attcched 
to a battery and operated at 0.5Limin contin­
uously throughout the 2 vveeks. Every other 
vveek, the PUF sampler Wa5 removed and a 
news:mpler and battery attcched. The indoor 
air monitoring continued until the woman 
rent into labor, for an ave~ of 7.0 ± 2.3 
(ran~, 1.9--12.4) vveeks per horne, with an 
~of3.5± 1.1 (ra~, 1--6) 2-vveek inte­
grated indoor air s:mples collected per home. 
The monitoring continued for~ 6 weeks in 
80% of the hom:s. In four ccs:s, \I've collected 

an additional 2-week integrated indoor air 
s:mple after del i>very becaurepredel iveryS3111-
ples had been lest through laboratory error. 
We collected the personal air s:mple from the 
mother over 48 hr during the 32 nd week of 
pregnancy. Wecsked women in the cohort 
to wear a small bcckpcck containing a per­
sonal ambient air monitor during the daytime 
hours for 2 cons:cuti>ve day.s and to pla:e the 
monitor near the bed at night. The peJSOnal 
airs:mpling pump operated continuously at 
4 Llmin o>ver this period, collecting particles 
of::; 2.51Jm in diameter on a quartz micro­
fiber filter and collecting rernivolatilevapors 
and cercsols on a PUF cartrid~ bcckup. We 
collected a48-hr personal air s:mple from 96 
of 102 (94%) of the women in the study. We 
initiated the indoor sampling at the conclu­
sion ofthe48-hr personal airs:mpling. 

We proa:s.s:!d and analy;red indoor and 
personal air s:mplescs described previously 
(Whyatt et al. 2007). Briefly, immediately 
after collection, the indoor and personal air 
monitoring samples vvere brought to the 
molecular epidemiologic laboratory at the 
Mailman School of Public Health, invento­
ried, and fr02en. Once per month, air s:m -
plesrereshipped on dry ire to Southwest 
Rerearch Institute and stored at -12°C. 
Within 10 day.:; of arrival, thePUF plug 
and filter rere pla:ed in aSoxhlet extractor 
(Corning, Corning, NY), spiked with terphe­
nyl-d14 cs a reco>very, and extracted with 6% 
diethyl ether in hexanes for 16 hr. We then 
concentrated the extract to 1 ml and fr02e it 
at -12oC before analysis. Weanaly;red chlo­
rpyrifcs by gcs chromatography/rl'lCffi spec­
trometry (GC/MS) a:; described previously 
(Whyatt et al. 2007). 

Urine sample collection. We collected 
repeat prenatal maternal spot urine samples 
from women at the end of a:rlQ-week indoor 
air s:mpling, beginning at the 34th vveek of 
pregnancy and continuing until delivery. We 
did not collect urine from women who rent 
into labor before the end of the first 2 weeks 
of indoorairs:mpling.Wecollected atotal of 
253 repa3t prenatal spot urine s:mples from 
97 of 102 women (ave~ of 2.6 samples 
per woman): 53 of 97 (53%) of the women 
provided thrreor more urines:mples, 29 of 
97 (30%) two s:mples, and 15 of 97 ( 15%) 
provided one sample. We also collected a 
urines:mple the day after delivery from 73 
women and 59 ne.Nborns. The prenatal urine 
collection took place in the woman's horne. 
The pest natal urine collection took plcx:E in 
the hcspital. All maternal urine s:mples rere 
collected using sterile cup:; supplied by the 
Centers for D is:a::e Control and Prevention 
(CDC). Newborn urine samples vvere col­
lected using sterile ne.Nborn urine collection 
bags. lmmediatelyaftercollection, the urine 
s:mples vvere transported to the laboratory, 
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inventoried, and fr02en at --aoac beforeship­
rrent to CDC for analyse;. Before frEEZing, a 
2-ml s:mpleof urinewcs dra.Nn off and fro­
:zen reparately for cra:rtinineanalysis. 

BloodsaiTfJie collection. A sample of 
umbilical cord blood wcscollected cssoon 
after del i>very cs pce;ible by d raNi ng the blood 
into a heparini2ed syringe to avoid clotting. 
A sample of maternal blood wcs obtai ned 
within 2 days postpartum into heparini2ed 
Vacutainer tubes by the hospital staff. An 
umbi I ical cord blood s:mple wcs collected 
from 65 newborns, and a maternal blood 
s:mplewcscollected from 92 worren; paired 
blood s:mples vvere avai !able for 64 of the 
mothersand newborns. Within 12 hr of col­
lection, the cord and maternal blood s:mples 
vvere transferred to a rentrif~ tube and spun 
for 15 min at 1,500 rpm. The plasmawcscoJ. 
lected and stored at --aoac beforeshiprrent 
on dry ice to CDC. 

Collection of pa;tpartum meconium. 
Meconium s:mples vvere collected from 83 
newborns during the postpartum hospital 
stay. In 53 (64%) of the births, the meco -
niums:mplesvverecollected within 1 day of 
deli>very; in 19 (23%) of the births, within 2 
days after del i>very; and for 1 0 ( 12%) of the 
births, within 3 days after deli>very; for one 
birth, the date of meconium collection wcs 
not recorded. Therra::onium wcscollected by 
transferring the s:mple from the diaper into a 
urine cup supplied by CDC. Thes:mplewcs 
transported to the laboratory and stored at 
--aoac beforeshiprrent to CDC for pesticide 
analyse;. 

Ana/yssof pesticides and creatinine in 
biolcgicaiSCI1flks. All biological s:mplesvvere 
shipped on dry ire to CDC twice per year. 
Analysis of the pesticides or their rretabol ites 
in biological s:mples wcs conducted by the 
CDC using previously established rrethods 
(Barret al. 2002; O~net al. 2004). Briefly, 
vve spiked plasma s:mples (4 g) with stable 
isotopically labeled chlorpyrifosand mixed 
them vvell. We denatured the s:mples with 
saturated ammonium sulfate and extracted 
the supernatant using mixed-polarity solid­
plla3:! extraction cartridges. We concentrated 
the eluate (in d ich lororrethane) and analy.red 
it using gcschromatography/high-resolution 
rrra:Espectrorretry at 10,000 resolving povver 
(Barret al. 2002) with both quantification 
and confirmation ions monitored. The urine 
s:mples (2 ml) vverespiked with stable iso­
topically labeled TCPy, mixed VIe! I, and then 
subjected to an enzyrre hydrolysis to liber­
ateglucuronide- and sulfate-bound TCPy. 
We extracted the hydrolysates using mixed­
polaritysolid-pha::eextraction cartridges. The 
eluates (rrethanol) vvere concentrated and 
analyzed using HPLC/tandem MS (Olsson 
et al. 2004) with both quantification and con­
firmation ions monitored. We hom~ni2ed 

thavved meconium s:mples before analysis, 
becat.EE the pesticides may not be evenly dis­
tributed through the rra::onium. We extracted 
approximately 0.5-1 g of meconium with 
5 ml rrethanol. We concentrated the rretha­
nol and tt-en analy.red it using HPLC/tandem 
MSax::ording to the analytical pararretersof 
themodified rrethod ofO~netal. (2004). 

We quantified chlorpyrifos and TCPy, 
irrespecti>ve of matrix, using irotope dilution 
calibration. The limit of detection (LOD) of 
chlorpyrifos in blood s:mples wcs 0.5-1 pg/g 
plasma. The LOD of TCPy in urines:mples 
wcs0.26 ng/ml urine. The LOD for TCPy 
in meconium wcs 0.2 ng ba::ed on as:mple 
vveighing 0.5 g. Meconium s:mplesanaly.red 
in the piErelltstudyvveighed g:rerally betw:en 
0.5 and 0.7 g. Details on quality control and 
reproducibility for analyse; of chlorpyrifos in 
blood and TCPy in urine ha.e b:en pub! ished 
previously (Barret a!. 2002; O~netal. 2004). 
The relati>vestandard deviation of TCPy in the 
m:ronium quality control poolswcs 16%. 

We performed the urinecra:rtinine rnEE­

surerrentsax::ording to the Roche Cra:rtinine 
Plus kay using a Roche Hita:;hi Automatic 
Analyzer model 912 (Roche Diagnostics, 
Indianapolis, IN). The Creatinine Plus 
~y relies on the chemistry of creatina::e 
and sarcosine oxida::e. Through a reries of 
chain reactions in which crEEtinine is con -
>verted to cra:rtine, which is in turn con>verted 
tosarcosineand urEE, sarcosine is oxidized 
and hydr~n peroxide is formed. The per­
oxidcse-cataly.red oxidation of a leuko dye 
by hydr~n peroxide produces a red color 
where intensity is I'TECSUred through abror -
banre fffidingsand is directly proportional to 
thecra:rtinineconrentration in thes:mple. 

Approximately 10% of all s:mplesana­
ly.red for chlorpyrifos, TCPy, or cfffitinine 
vvere positi>ve or negati>ve control s:mples. We 
t.EEd two concentrations of positi>ve controls 
s:mples: one spiked at the mid-calibration 
ran~and oneat the low calibration ran~. 
All positive control s:mples vvere evaluated 
according to the Westgard multi rules of 
quality control (Westgard 2002) by an inde­
pendent quality cssuranre officer cs vvell cs 
laboratory personnel. 

Statistical analysrs. Descripti>veanalya:s 
pra:eded formal hypothesis testing. We cal­
culated the percent~ of biological s:mples 
with chlorpyrifos levels above the LOD. 
Before statistical analyses, pesticide values 
vvere log-transfom-ed cs 11Eeded to normalize 
their distributions. Wecssigned values below 
theLODavalueof halftheLOD. Weured 
nonpararretric statistics if distributions could 
not be normali2ed after transformations. With 
nonpararretric statistics, data are ranked and 
the statistical tests compare correlations or d f.f 
fereno:s in mEEn ranks retw:en groups rather 
than d ifferenres in conrentrations.Becal.EE no 
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cssumptions are made about the distribution 
of the data, nonpararretricstatisticsareappm 
priate when a lar~ proportion of the data are 
rei ow the LO D (cs wcs frequently the ca::e 
in our study). When ranked values hcwe the 
same nurreric numrer (cs is the care with 
values relow the LOD), the rank is0.5 times 
the numrer of ties. We ured Spffirman's rank 
correlation ccefficients to examine correlations 
retw:en levels of chlorpyrifos or TCPy in the 
biological s:mplesand to examine correlations 
between levels of chlorpyrifos or TCPy in 
the biological s:mples and chlorpyrifos levels 
in the indoor airs:mples. We ured multiple 
linEEr regression to determinetheamount 
of variance explained in prenatal maternal 
urine TCPy levels by the indoor air chlorpy­
rifos levels among subjects enrolled in 2001-
2002. We detected TCPy too infrequently 
to conduct analyse; among subjects enrolled 
after 2002. We ured analysis of variance or 
Kruskai-Wallis (depending on whether para­
rretric or nonpararretric analyse; vvere appro­
priate) to test whether pesticide levels varied 
by )€8r of monitoring (2001-2004) or among 
the following groups: worren not using any 
pest control rrethod~ worren using nonspray 
rrethods only (sticky traps, bait traps, boric 
acid, and ~Is); and worren using can sprays, 
pest bombs, or sprays by an exterminator, 
with or without nonspray rrethods. If lev­
els differed significantly among the groups, 
vve t.EEd the lecst significant difference test 
or Mann-Whitney U-test to determine 
which groups varied significantly. We ured 
group t-test or Mann-Whitney U-test to test 
whether pesticide levels differed significantly 
by ethnicity. We ured chi -square analyse; to 
test whether the frequencies of detection of 
chlorpyrifos to TCPy in the biological s:m­
pies varied by )€8r of the monitoring.Wealso 
ured the chi-square test to compare detection 
frequencies of chlorpyrifos in maternal and 
cord blood s:mples. We ured a mixed effects 
model to evaluate the within- and retvveen­
subject variability in TCPy levels in the repEEt 
maternal urines:mplescollected during preg 
nancy, and to calculate the i ntraclcss correla­
tion ccefficient (ICC). The ICC is a I'TECSUre 
of reliability of repEEted I'TECSUres o>ver tirre, 
defined cs the ratio of between-subject vari­
ance to total variance. For the:e analyse; vve 
included worren who had thrre repEEt urine 
s:mples; vve also restricted analyse; to subjects 
enrolled in 2001-2002 recaure TCPywcs 
detected in only one-third ofs:mplesamong 
subjects enrolled after 2002 and the distribu­
tions could notre normali2ed. 

Results vvere considered significant at 
p < 0.05. We perfom-ed analyse; using S:SS 
(>version 16.0; S:SS, Chiccw, I L ) except for 
the mixed effects models, for which vve ured 
PROC MIXED in SAS version 9.3 (SAS 
Institute Inc., Cary, NC} 

561 

ED_001449_00000298 



Whyatt et aL 

Results 
Table 1 providES demographics for the cohort 
and giVES the number of worren who reported 
sighting of pe;ts in the home or u:::e of pe;t 
control rne:sure; betlrvi:En the 32nd \l\.€ek of 
pregnancy and delivery. Ninety (91%) of 
the women reported that they sighted pe;ts; 
cockrcafles Vvere the pESts sighted most fre -
quently. Fifty-nine (60%) of the women 
reported using some form of pe;t control 
during the study period: 31 women (32%) 
reported using l::aits, gelq and traps only, and 
28 (29%) reported using one or more of the 
spray methods (can sprays, sprays by exter -
minator, and pe;t bombs) with or without 
the other methods. There wcs no difference 
in relf-reported pESticide u:::e bet\M:en African 
Americansand Dominicans. Thewomen 

reported spending an cwercge of 21.3 ± 1. 75 
hr (range, 14-24 hr) per day at home bet\l\.€en 
the 32nd 'v'1.€ek of pre;Jnancy and del i\.ery. 

Table2 providES levels of TCPy in repxll: 
spot urines:mpiEscollected from thernotrer 
bet\M:en tre 34th 'v'l.€ek of pre;Jnancy and del iv 
ery. We detected TCPy in one or more of the 
repxll: prenatal urines:mpiEScollected from 62 
of97 (64%) of trernotrers. ME1311 TCPycon­
centration in prenatal urine wcs 1.4 ± 1.8 iJQ/g 
cra:rtinine. Wealfn detected TCPy in 42% of 
the postnatal urines:mple (range,< LOD to 
8.71JQ/g cra:rtinine). We did not detect TCPy 
in any of tre urines:mpiEScollected from tre 
re.Nbornsafter deli\.€1}'. Figure 1 sho\1\S detEC­
tion frequenciESand mEl3l1 ranksofTCPy in 
the repeat prenatal urines:mpiES by the )€8r 
women enrolled into the study. DetECtion 

Table 1. Cohort demographics and the number of women (%) reporting sightings of pests and use of pest 
control in the home over the final2 months of pregnancy (n = 102). 

Olaracteristic" 

,Age [years (mean±~] 
Ethnicity 
African .American 
D:Jminican 
Qher 

Marital status 
Never married 
Married" 
Separated, widowed, divorced 

B:lucation 
<High school degree 
High school diploma or CEJ 
Scrnecollege (<4 years) 
College degree (4 years) 

lrrore 
<$10,000 
$10,000--$30,000 
>$30,000 

Total number with pest sightings 
Sighti ngs of cockroaches 
Sighting of rodents (mice and rats) 
Sighti ngs of other pests 

Total number using pest control 
Used sticky traps, gels, and baits only 
Used can sprays, pest banbs, or sprays by exterminator (with or without other methods) 

GED, general educational diploma 

No.(%) 

25.2±4.9 

31 (31) 
68(68) 
1 (1) 

69(69) 
24(24) 
7\1) 

46(46) 
33(33) 
20(20) 
1 (1) 

36(42.9) 
36(42.9) 
12(14.3) 
90(91) 
79(80) 
51 (51.5) 
21 (21) 
59(60) 
31 (32) 
28(29) 

•Missing values: maternal age (n=3), ethnicity (n = 2), marital status (n =2), education (n= 2), income (n = 18), pest sight­
ings (n = 3), and pest control (n =4)blncludes women living as married with same partner> 7 years. 

Table 2. TCPy levels in repeat maternal spot urine samples between the 34th week of pregnancy and 
delivery and in a maternal urine sample after delivery , before adjusting for creatinine and after adjusting 
for creatinine. 

Percentile 
Sample No. >!ill/total (o/o'f 10th 25th 50th 75th 90th 95th 

Before adjusting for creatinine (I.Jg/L) 
1st prenatal 49/95(52) <!ill <!ill 0.46 2.1 3.7 7.8 
2nd prenatal 40/83(48) <!ill <!ill <!ill 1.3 2.6 3.5 
3rd prenatal 30/54(56) <!ill <!ill 0.57 2.4 5.2 6.9 
4th prenatal 13/21 (62) <!ill <!ill 0.61 3.3 5.3 6.8 
Fbstnatal 29/73(40) <!ill <!ill <!ill 1.02 3.3 4.8 

After adjustment for creatinine (I.Jg/g creatininef 
1st prenatal 48/91 (53) <!ill <!ill 0.71 2.0 3.5 6.2 
2nd prenatal 40/83(48) <!ill <!ill <!ill 1.7 3.1 4.2 
3rd prenatal 30/53(57) <!ill <!ill 0.83 2.1 5.2 6.4 
4th prenatal 13/19(68) <!ill <!ill 1.3 4.3 5.8 6.8 
Fbstnatal 29/69(42) <!ill <!ill <!ill 1.5 2.9 4.5 

'\..CO= 0.26 ~giL. tcreatinine was missing for 11 urine samples. 

frequenciES for TCPy dropped significantly 
bet\M:en subjECts enrolled in 2001-2002 and 
thcreenrolled in 2003--2004 for both prenatal 
(x2 = 34.0, p < 0.001; Figure 1) and pcstnatal 
(x2 = 20.3, p< 0.001; data notshONn) mater­
nal urines:mpiES. Ma:m ranks, adjusted for 
crEEtinine, also dECI'ffired significantly from 
65.2 in 2001 to 32.9 in 2004 for prenatal 
urines:mpiEs (p < 0.001; Figure 1) and from 
42.1 to 23.9 for postnatal urine ( p < 0.001; 
data notshONn). Tredifferenre in m:an ranks 
for subjects enrolled in 2001-2002 compared 
with there enrolled in 2003--2004 wcs highly 
significant for both average maternal TCPy 
in urine during pregnancy (60.5 vs. 29.3; 
p < 0.001) and after delivery (42.1 vs. 23.9; 
p < 0.001 ). In addition, \I've found a signifi­
cant difference in mEl3l1 ranks bet\M:en subjects 
enrolled in 2001 and 2002 but no difference 
in m:an ranks bet'v'l.€en subjECts enrolled in 
2003and 2004. 

By comparison, among subjECts enrolled 
in 2001-2002 compared with 2003--2004, 
chlorpyrifcs levels in the 2-'v'1.€ek integrated 
indoorairs:mpiESaifn dECI'ffired from 10.0 
to 3.2 ng/m 3 (p = 0.002) and in mater -
nal 48-hr personal air samples from 8.1 to 
3.7 ng/m3 (p= 0.04; data notshONn). TCPy 
levels in the repeat maternal urine samples 
during pregnancy Vvere significantly higher 
among African-American than among 
Dominican women (mean ranks, 56.5 and 
41.9, respectively; Mann-Whitney U-test, 
p = 0.02). We found no difference in TCPy 
levels in maternal urine samples collECted 
after delivery between African Americans 
and Dominicanq and no 269Xiation bet\M:en 
TCPy in maternal urines:mpiES during prey 
nancy or after delivery and maternal relf­
reported pESticide u:::e (data not shONn ). 

Table 3 sho\1\S the correlation between 
the TCPy levels, adjusted for crEEtinine, in 
the repeat maternal urine s:mples collECted 
during pregnancy and after delivery, both 
for all subjECts and for subjECts enrolled in 
2001-2002. The correlations Vvere generally 
positi\€ and often significant. Among women 
enrolled in 2001-2002, the ICC for TCPy 
in the repeat prenatal urines:mpiESadjusted 
for crEEtinine wcs 0.43. RESUlts Vveresimilar 
after adjusting for ethnicity. Among women 
enrolled after 2002, we detected TCPy too 
infrequently in urine samples to determine 
the ICC; ho\I\€Ver, Vvefound nosignificant 
correlation bet\M:en TCPy le.tels in the repeat 
urines:mpiES (r-vaiUES ranged from --0.2 to 
0.2, p-vaiUES > 0.4; data not shONn ). 

Table 4 sho\1\S the correlation between 
chlorpyrifcs in the repeat 2-'v'1.€ek integrated 
indoor air s:mplesand TCPy levels in the 
repeat maternal spot urines:mpiEscollected 
o\€r the same period. The correlations Vvere 
positive and statistically significant in most 
ca::es. This wcs true both among all subjECts 
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and amongsubjectsenrolled in 2001-2002. 
Among subjects enrolled in 2001-2002, ateF 

~indoor air chlorpyrifos le.telsover the final 
2 months of pregnancy explained 19% of the 
variance in ate~ TCPy le.tels in maternal 
rep:at prenatal spot urine fp = 0.001 ). RESUlts 
\/\/ere similar after controlling for ethnicity. 
We found no a350ciation bet\IVEen chlorpy­
rifos in rep:at indoor airscmpiEsand TCPy 
in the rep:at maternal urinescmpiEsamong 
subjects enrolled after 2002. 

Table 5 providES detection frequenciES and 
le.tels of chlorpyrifos in maternal and umbi I i­
cal cord blood and TCPy in m:ronium col -
lected from subjects after del i\.ery. Figures 2 
and 3show detection frequenciESand ITlEEn 
ranks by year of enrollment. We detected 
TCPy in m:ronium more frequently and at 
higher le.tels than chlorpyrifos in the maternal 
or cord blood. Consistent with the trends 
\11/e found with chlorpyrifos in the indoor 
and personal airscmpiESand with TCPy in 
maternal urinescmpiES, \11/e found a highly 
significant difference in detection frequen­
ciES and ITlEEn ranks by year of enrollment 
(FigurES 2 and 3). The difference WcSs:en 
only betw:en subjects enrolled in 2003--2004 
and there enrolled in 2001-2002. We found 
no significant difference in biomarker lev -
els bet\IVEen subjects enrolled in 2001 com -
pared with 2002 or in 2003 compared with 
2004. Ho\11/ever, between 2001-2002 and 
2003--2004, detection frequenciES decre:Eed 
significantly for TCPy in meconium ( x2 = 
22.1, p < 0.001) and chlorpyrifos in maternal 
blood (x2 = 12.2, p< 0.001)and umbilical 
cord blood (x2 = 7.8, p = 0.005). By 2003, 
TCPy WcS no longer detected in any m:ro -
nium and chlorpyrifos WcS not detected in 
any blood scmpiES. Bet\IVEen 2001-2002 and 
2003--2004, ITlEEn ranks also decre:Eed sig -
nificantly from 50.0 to below the LOD for 
TCPy in meconium ( p < 0.001) and from 
51.7 and 36.4 to below LOD chlorpyrifos in 
maternal (p = 0.001) and umbi I ical cord blood 
(p = 0.006), resp=ctively ~ruskai-Wallis). 

Chlorpyrifos in blood and TCPy in rrece 
nium \/\/ere not a350Ciated with personal and 
indoor air chlorpyrifos le.tels, nor did they 
vary by maternal relf-reported pesticide ure 
or by ethnicity (data not shown). Further, \11/e 
found no a350ciation bet\IVEen chlorpyrifos 
le.tels in maternal and cord blood and TCPy 
le.tels in maternal urine scmpiES during preg­
nancy or after delivery. Ho\t\ev'er, TCPy le.tels 
in m:ronium \/\/ere weakly but significantly 
correlated with chlorpyrifos le.tels in mater­
nal (r= 0.25. p= 0.03)and umbilical cord 
(r= 0.33, p= 0.01) blood (Table6) and with 
ate~ TCPy le.tels in maternal urinescmpiEs 
during pregnancy (r= 0.31, p= 0.006)and 
after delivery ( r = 0.32, p = 0.01 ; Table 6). 
Maternal and umbi I ical cord blood le.tels \/\/ere 

highly correlated ([= 0.9, p < 0.001, n = 64). 

Prenatal chlorpyrifos biomarker 

Of the 1 0 paired scm piES where the moth -
er's levels \/\/ere > L 0 D, the cord blood WcS 
> LOD in 8 of 10; of the 54 scmpiES when 
the mother's le.tel WcS< LOD, the cord WcS 
also always< LOD (x2 = 49.4, p< 0.001). 

When analy.:e; \/\/ere rEStricted to the 10 pairs 
where the mother's levels \/\/ere > L 0 D, the 
correlation betw:en maternal and cord blood 
levels remained statistically significant (r= 
0.71 'p = 0.02). 
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Figure 1. Percentage of subjects with 1CPy concentrations in one or more of repeat maternal prenatal 
urine samples> LOO (A) and mean TCPy ranks adjusted for creatinine (8) by year of sample collec­
tion. Sample size: 2001, n = 32; 2002, n = 25; 2003, n = 26; 2004, n = 14. (A) Chi-square, 2001-2002 versus 
2003-2004 = 34.0 (p < 0.001 ). (8) Mean ranks: 2001-2002 versus 2003-2004, 60.5 versus 29.3, p < 0.001, 
Kruskai-Wall is; 2001 versus 2002, p = 0.04; 2001 versus 2003, p < 0.001; 2001 versus 2004, p = 0.005; 2002 
versus 2003, p < 0.001; 2002 versus 2004, p = 0.01, Mann-Whitney U-test. 

Table 3. Spearman's rank correlation oflCPy levels in repeat spot maternal urine samples during preg -
nancy and after delivery (IJg/g creatinine) in all subjects and in subjects enrolled in 2001-2002. 

Sample 1st prenatal 2nd prenatal 3rd prenatal 4th prenatal 

All subjects 
Pcstpartum 0.25 (n = 61) 
4th prenatal 0.49* (n = 18) 
3rd prenatal 0.25 (n = 51) 
2nd prenatal 0.43** (n = 79) 

Subjects enrolled in 2001-2002 
Pcstpartum 0.23 (n = 41) 
4th prenatal 0.49* 1[1 = 18) 
3rd prenatal 0.44** 1[1= 36) 
2nd prenatal 0.56** (n= 79) 

*p<OJJ5, **p<0.001. 

0.36** (n=56) 
0.51* (n= 19) 
0.69** (n=52) 

0.18(n=40) 
0.44(n= 18) 
0.43** (n=36) 

0.25(n=39) 
0.29(n= 19) 

-D.18(n= 29) 
0.23(n= 18) 

0.31 (n= 15) 

0.31 (n= 15) 

Table4. Spearman's rank correlation between chlorpyrifos in 2-week integrated indoor air samples col -
lected between the 32nd-34th week of pregnancy through delivery and 1CPy levels in spot maternal urine 
samples collected every 2 weeks over the same time period, among all subjects and among subjects 
enrolled in 2001-2002. 

Metabolite levels in matemal urine samples (1-lg/g creatinine) 
Indoor air (ng/rrr) 1st prenatal 2nd prenatal 3rd prenatal 4th prenatal Two-month average 

All subjects (week of pregnarcy) 
32nd-34th r= 0.38** (n = 85) 
34th-36th r= 0.28* (n = 76) 
36th-36th r=0.33* (n=47) 
38th-40th r= 0.45* (n = 19) 
2-month a~.erage r= 0.31 * (n = 95) 

Subjects enrolled 2001-2002 (week of pregna~) 
32nd-34th r= 0.44** (n =56) 
34th-36th r=0.33* (n=51) 
36th-36th r=0.30(n=35) 
38th-40th r= 0.51 * (n = 18) 
2-month a~.erage r= 0.44** (n =57) 

*ps0.05; **ps0.001. 

Table 5. Chlorpyrifos levels in maternal and umbilical cord blood and 1CPy levels in postpartum meconium 
collected after delivery. 

Fercentile 
Sample No. >!ill/total (o/o'f' 10th 25th 50th 75th 90th 95th 

Maternal blood (pg/g'f' 13/92(14) <!ill <!ill <!ill <!ill 1.5 2.5 
Urbilical cord blood (pg/g'f' 8/65(12) <!ill <!ill <!ill <!ill 2.3 2.5 
Pcstpartum meconium (ng/gf 23/83(28) <!ill <!ill <!ill 0.44 0.62 0.77 

"LCD= 0.5--1 pg/g. iJt..CO= 0.2 ng. 
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Whyatt et aL 

Discussion 
The pre:ent study provided a unique oppor­
tunity to validate a battery of biomarkers of 
prenatal chlorpyrifos exposure, becau:e we 
began the study after the pha::eout of resi -
dential u:eofchlorpyrifosand duringatime 
when exposure levels among the CCCEH 
cohort were decra:sing rapidly (Whyatt et al. 
2007). Our prior re::earch has shown that 
residential pesticide u:e is widesplffid among 
cohort women during pregnancy (Whyatt 
et al. 2005). Further, until u:eWcS restricted 
in 2001, chlorpyrifos WcS one of the most 
widely u:ed insecticides for pest control in 
New York City (Thier 1998). HoV~.eter, after 
the restriction we documented a highlysig­
nificant decra:re in chlorpyrifos levels in per­
sonal and indoor air levels from the women 
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during pregnancy (Whyatt et al. 2007). In 
preliminary analy.:e;, we also 'EON a significant 
decra:re in chlorpyrifos levels in maternal and 
umbilical cord blood among subjects enrolled 
betv\.ren 1999and 2002 (Whyatt etal. 2005). 
We undertook he pre:entstudy in asul::ret of 
102 mothers and newborns from the CCCEH 
cohort enrolled over a longer period. In ad dt 
tion to mecsuring chlorpyrifos in maternal 
and umbilical cord blood s:rnples, we also 
mecsured levelsofTCPy in repxrtspot urine 
samples collected bi\IVEekly from the mother 
over the final 6--8 \IVEeks of pregnancy, and 
in urine sample; collected from both mother 
and newborn after delivery and TCPy in 
postpartum meconium. We did not detect 
TCPy in newborn urine. However, we 'EON 

a highly significant decra:re in the detection 
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Figure 2. Percentage of maternal and umbilical cord blood levels with chlorpyrifos concentrations 
> LOD (A) and mean chlorpyrifos ranks (B) by year of sample collection. Maternal blood sample size: 2001, 
n = 29; 2002, n = 22; 2003, n = 26; 2004, n = 15. Cord blood sample size: 2001, n = 21; 2002, n = 14; 2003, n = 20; 
2004, n = 10. (A) In maternal blood, 2001-2002 versus2003-2004, x2 = 12.2 (p< 0.001); in blood, 2001-2002 
versus 2003-2004, x2 = 7.8 (p = 0.005). (B) Mean ranks, maternal blood: 2001-2002 versus 2003-2004, 51.7 
versus 40.0, p = 0.001, Kruskai-Wallis; 2001 versus 2003, p = 0.008; 2001 versus 2004, p = 0.04; 2002 versus 
2003, p = 0.005, Mann-Whitney U-test. Mean ranks, cord blood, 2001-2002 versus 2003-2004, 36.4 versus 
29.0, p = 0.006, Kruskai-Wallis; 2001 versus 2003, p = 0.04, Mann-Whitney U-test. 
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Figure 3. Percentage of meconium samples with 1CPy concentrations> LOD (A) and mean 1CPy ranks (B) 
by year of sample collection. Sample size: 2001, n = 28; 2002, n = 21; 2003, n = 21; 2004, n = 13. (A) For sam­
ples> LCD, 2001-2002 versus 2003-2004, x2 = 22.1, p < 0.001. (B) Mean ranks, 2001-2002 versus 2003-2004, 
SO.Oversus 30.5, p < 0.001, Kruskai-Wallis; 2001 versus 2003, p< 0.001; 2001 versus2004, p = 0.001; 2002 
versus 2003, p = 0.02, Mann-Whitney U-test. 

frequency and ma:m ranks of all of the other 
biomarkers among subjects enrolled during 
years2001-2004. 

Both maternal and umbi I ical cord blood 
chlorpyrifos levels were below the LOD in all 
s:rnples collected after 2002. We have pre -
viously reported that chlorpyrifos levels in 
umbilical cord blood among infants born in 
the cohort in 1999 averaged 6.9 pg/g and 
averaged 3.5 pg/g among there born in 2000 
(Whyatt et al. 2005). Here we report that 
we detected chlorpyrifos in only 19-29% of 
maternal and cord blood s:rnples in 2001-
2002 but not in any blood samples collected 
in 2003--2004. Collectively, the:e resultssug­
ge;t chlorpyrifos from residential u:e WcS the 
main contributor to thechlorpyrifos levels 
we have detected in both the maternal and 
umbi I ical cord blood among study subjects. 
Although it is I i kely that the women conti n -
ued to receive some chlorpyrifos exposures 
after 2002, including exposure from the 
diet (Lu et al. 2006), any remaining levels 
were below the LOD of the blood mecsure­
ment. Consistent with our previousanaly­
s:s (Whyatt et al. 2004), maternal and cord 
chlorpyrifos levels were highly correlated. It 
has b:en speculated that this correlation might 
have occurred becau:e the amount of chlor­
pyrifos in maternal blood is in equilibrium 
with the amount in adipa:e tiffiue (NEEdham 
2005) and chlorpyrifos is readily transferred 
from maternal to cord blood ccrcss the pla­
cental (Whyatt et al. 2003). HoV~.eter, in our 
ca::e the correlation was being driven prin­
cipally by the concordance of maternal and 
cord blood samplesbeiON the LOD. 

We 'EON a similar and significant decra:re 
in TCPy levels in meconium among subjects 
enrolled betvvEen years 2001 and 2004. As 
with the maternal and umbilical cord blood 
s:rnples, levels of TCPy in meconium were 
above the LOD among infants born in 2001-
2002 but not in 2003--2004. Ha./\e.€1', before 
2003, TCPy WcS detected more frequently and 
at much higher levels in meconium than chlo­
rpyrifos in either maternal or umbilical cord 
blood samples. For example, among subjects 

Table 6. Spearman's rank correlation oflCPy lev -
els in meconium and chlorpyrifos in maternal and 
umbilical cord blood and TCPy in spot urine sam­
pies collected from the mother during pregnancy 
and after delivery. 

Sample TCPy levels in meconium (ng/g) 

Ollorpyrifcs in blood samples (pg/g) 
Maternal blood r= 0.25, p = 0.03, n = 79 
Urbilical cord blood r= 0.33,p=0.01, n= 56 

TCPy in maternal urine (j.Jg/g creatinine) 
1st prenatal r= 0.22, p = 0.06, n = 74 
2nd prenatal r= 0.35, p = 0.003, n = 71 
3rd prenatal r= 0.28, p = 0.06, n = 45 
4th prenatal r= 0.40, p = 0.10, n = 17 
Average prenatal r= 0.31, p = 0.006, n = 78 
After delivery r= 0.32, p = 0.01, n = 60 
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enrolled in 2001,64% ofrreconiums:mpiEs 
had detectable TCPy levels with a ma:m of 
0.43 ± 0.21 ng/g, whera:s only 24% and 19% 
of maternal and umbi I ical cord blood s:mpiES 
had detectable levels of chlorpyrifcs, with a 
range up to 3.0 pg/g. Further, TCPy levels 
in meconium were significantly correlated 
with chlorpyrifcs levels in both maternal and 
umbilical cord blood and with TCPy levels 
in maternal urines:mpiEs, whera:s vves:NV no 
CffiOCiation betw:en chlorpyrifcs in maternal 
and umbilical blood s:mplesand TCPy in 
maternal urines:mpiEs. The:e rESUlts suggESt 
that TCPy in rreconium may provide a valid 
biomarker of prenatal expcsure. 

There hcs bEen considerable interest in 
the rne:surement of nonpersistent pESticides 
in meconium csa biomarker for exposure; 
during pregnancy (BEarer 2003; OstrEEet al. 
2008; Wes:els et al. 2003; Whyatt and Barr 
2001). In human fetLEES, rreconium b:ginsto 
axumulate in the ba.rvelsat approximately 16 
\l'vl:e~ ge;tation and is generally not excreted 
until after delivery (Moriyaet al. 1994). It 
hcs bEen hypothesized that xenobioticsenter 
the rreconium csa COrre:JlB1<E of bileexcre -
tion into the intEStine; and/or of SNallowing 
by the fetus of amniotic fluid (OstrEE 1999). 
Other m:chanisms may be operating, cs well 
(Mahone et al. 1994). Several I i nES of evi -
dence suggESt that the half -I ife of xenobiotics 
in meconium may be protracted and rrecs­
ured levels can reflect expcsures from the 
s:cond trimESter of pregnancy through deliv­
ery (BEarer et al. 1999, 2003). Mcst of the 
epidemiologic res:arch to date hcs involved 
analysis of illicit drugs, alcohol , and toba:ro 
products in meconium. Several studiessug­
ge;t that meconium rne:surements of the:e 
compounds are a more rensitive biomarker 
than maternal urine or cord bloods rne:sure­
rrents (BEarer et al. 2003; Browne et al. 1994; 
Dempreyet al. 1999; Konkol et al. 1994; 
leNisetal.1995; Maynardetal.1991; Moore 
et al. 1998; Nairet al. 1994; 0strEE1999; 
Ryan et al. 1994; Wingert et al. 1993) Dcre-­
responre relationships have bEen detected 
betVII€en illicit drug ure, cigarette smoking, 
and alcohol consumption during pregnancy 
and rretabolite levels in meconium. Several 
studies have ured concentrations of xeno­
biotics in meconiumcsa dosirreter toevalu­
ateeffects of prenatal expcsure on pregnancy 
outcorre (BEarer et al. 2003; Delaney-Black 
et al. 1996; M irochnick et al. 1995; Nl.!Effilein 
et al. 1999; OstrEE 1999; Feterron et al. 2008; 
Tronicket al. 1996). For example, cotinine in 
meconium wcssignificantly a350Ciated with 
infections of the lower respiratory tract dur­
ing the first 6 months, whera:s noa:EOCiation 
wcss:en with relf-reported parental toba::co 
consumption (NUES51ein et al. 1999). Fatty 
acid ethyl ESter levels in rreconium ha.€ bEen 
a:EOCiated with maternal alcohol consumption 

during pregnancy (BEarer et al. 2003) and 
with adverre infant neurodeveloprrent pest­
natally (Feterron et al. 2008). Although there 
ha.€ bEen relati>vely few studiES of pESticides 
or their metabolites in meconium (Wes:els 
eta!. 2003), both organochlorine; (Hongetal. 
2002; Zhao et al. 2007) and nonpersistent 
pESticidES ha.€ bEen detected (Biela/\Bki et al. 
2005; OstrEE et al. 2008; Whyatt and Barr 
2001 ). As wcs done here, mcst prior stud -
ies ha>ve collected meconium directly from 
the newborn diaper, which rais:s concerns 
about potential contamination of the meco­
nium by xenobioticscontained in infant urine. 
Ha.A.ever, that dOES not appa3r to be thecae 
in the pre:entstudy I:Ja:au::ewe did not detect 
TCPy in any of the paired newborn urine 
s:mpiES. To our knowledge, the pre:Ent study 
is the first to show a correlation bet\1\.ren levels 
of an organophosphate inrecticide in meco­
niumand in other biological matrio:scollected 
during pregnancy. Additionally, this is the first 
study to reflect a decra:re in ins:cticide levels 
in rreconium after rEStrictions on rESidential 
ure. The:e re;ultssugge;t that rreconium hcs 
promirecsa biomarker for a:a:ssing effects 
of prenatal chlorpyrifcsexposures on the 
developing fetus. This isencourq:Jing, I:Ja:au::e 
rreconium is a more lffidilyax:Effiible biologi­
cal matrix than umbilical cord blood, given 
that the latter hcs to be collected within min -
utESof deli>very, whera:srreconium isexcreted 
over reveral days pcstpartum. Further, the 
fact that vve s:NV a higher correlation bet\1\.ren 
chlorpyrifcs in maternal and cord blood than 
betVII€en chlorpyrifcs in maternal and cord 
blood and TCPy in rreconium dOES not nEO:S 

S3ri ly detrcrl from the rei iabi I ity of the rreco -
nium biomarker, given that the time frame; 
of exposure repre:ented by the biomarkers 
are different (days in the ca::e of the blood 
rne:sure;and potentially months in thecae 
of meconium). Howe'ver, additional valida­
tion rexarch is clEarly rreded. It particular, no 
prior studies ha>ve evaluated the relationship 
betw:en TCPy in meconium and pcstnatal 
outcomES. HCl\1\.ever, validation of biomarkers 
includES both the ba;kward prCJCeE of CffiOCi -
ati ng a biomarker with expcsure and the for­
ward prCJCeE of I inking a biomarker with effect 
(BEarer 1998). In contrcst, our prior rexarch 
hcsshown significant cssociations betVII€en 
chlorpyrifcsconcentrations in umbilical cord 
blood, and newborn birth weight and length 
(Whyatt et al. 2004) and child mental and 
motor developrrent at cge 36 months (Rauh 
eta!. 2006). 

E3e::at.re of a:re of collection, prior biomort 
itoring studiEs of nonpersistent pESticidES ha.€ 
generally collected urines:mpiES rather than 
blood or meconium s:mples (Brad man and 
Whyatt 2005; Werelset al. 2003). Mcst ure 
spot urine; rather than 24- hr or first morning 
void s:mples (Bradman and Whyatt 2005). 
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Ho\1\eJer, a ra:ent study rra:sured TCPy and 
other nonpersistent pESticides in four urine 
s:mplescollected from 13 children o>ver 24 
hr in two different s:asonsand found levels 
rra:sured in first morning void s:mpiESvvere 
the bESt predictor of weighted a>verq:Je daily 
rretaboliteconrentrations (Ki~l et al. 2005). 
Consistent with our findings, prior studies 
ha>ve docurrented significant intraindividual 
variability in TCPy levels in lep83t spot urine 
s:mplescollected from thes:me individual. 
A study by MEeker et al. (2005), for example, 
rra:sured TCPy in nine lep83t urines:mpiES 
collected from 10 rren over 3 months; ICCs 
ranged from 0.15 to 0.21 before and after 
adjustrrent for crEEtinine or specific gravity, 
indicating within-subject variability a:x::ounted 
for 79--85% of total variability. Another study 
that rra:sured TCPy in up to six lep83t urine 
s:mpiES collected over 1 )€8r from 80 adults 
in Maryland shov..ed that the~ range of 
concentrations from thes:me individual wcs 
approximately 50% grEEter than the re;pec­
ti>ve m:an population levels (Mac! ntosh et al. 
1999). Howe'ver, interindividualvariability 
wcs found to be significantly greater than 
intraindividualvariability in a study rra:suring 
TCPy levels in one to thrre first morning void 
urines:mpiEscollected from 102 children in 
MinnESOta (Adgateet al. 2001 ). In the pres­
ent study, the ICC for TCPy in lep83t urine 
s:mpiES from worren enrolled in 2001-2002 
wcs 0.43, adjusting for clffitinine; thus, 57% 
of total variability wcsexplained by within­
subject variability. We detected TCPy too 
infrequently in urines:mpiESarnong worren 
enrolled after 2002 to calculate the ICC. 

DESpite the significant within-subject vari­
ability in urinary TCPy levelss:en in the prES­
ent study, our ICCsvvereconsiderably higher 
than tha:es:en in the Mrekeret al. (2005) 
study dESCribed above. Before2003, indoor 
air chlorpyrifcs levels were a significant predic­
tor of TCPy in lep83t maternal urines:mpiES 
a:x::ounting for 19% of the variance in urinary 
TCPy. Becaurechlorpyrifcs levels remained 
rernarkablystablewithin mcst home; over 
this period, and betVII€en-home variability 
a:rounted for 92% of the variance in indoor 
air chlorpyrifcs levels (Whyatt et al. 2007), the 
constant source of expcsure may ha.€ reduced 
variabilitys:en in urinary TCPy levels in this 
cohort relati>ve to other cohorts. HCl\1\.ever, the 
low I CCs s:en here coupled with there s:en 
in prior studiES do rare considerable concern 
over the reliability of TCPy in asinglespot 
urines:mplecsabiornarkerofexpcsure. It is 
also not known the extent to which TCPy in 
urine reflectsexpcsure to chlorpyrifcs or to 
TCPy itrelf in the environment (Brad man and 
Whyatt 2005; Morgan et al. 2005). 

Nonetheless, our re;ultssugge;t that all 
of the chlorpyrifcs biomarkers ~d in 
the pre:Entstudy do provide reliable internal 

565 

ED_001449_00000298 



Whyatt et aL 

dosimeters to differentiate betvveen groups 
having prenatal chlorpyrifosexposures vary­
ing by a factor of 2- to 3-fold. Specifically, 
wes:NVa highly significant difference in le.tels 
of all of the detected biomarkers (chlorpyri­
fos in blood samples and TCPy in maternal 
urine and meconium samples) among study 
subjects enrolled in 2001-2002 compared 
with there enrolled in 2003--2004. Betv\.I::En 
thEre two periods, chlorpyrifos in personal air 
samples declined approximately 2-fold, and 
chlorpyrifos in 2-\/VEEk. integrated indoor air 
samples declined approximately 3-fold. The 
biomarkers may also provide valid internal 
dosimeters to differentiate betv\.I::En groups 
having smaller exposure differentials, but our 
data do not permit us to a:a::g; this pcssibi I ity. 
Oursamplesi:ze in any year vvcssmall, expo­
sureswere dropping rapidly and the principal 
difference in biomarker le.telss:en in thEpre:;­
ent study wcs betvveen subjects enrolled in 
2001-2002and 2003--2004. 

Limitatiors in this conclusion also I1Eed to 
bere::o;:Jni:zed. Weha.el.fed thedifferential in 
chlorpyrifos in personal and indoor air sam -
plescsan estimate of the chan~ in chlorpy -
rifosexposuresamong women in the cohort. 
Hovvever, we did not conduct an cggregate 
exposurea:a:ssment and so cannot directly 
test thea::curacy of this estimate. Rather, we 
have ba::ed it partly on prior re::earch i nd i­
eating that inhalation is a primary route of 
exposure to s:mivolati le i ns:cticides after resi­
dential u:e (Panget al. 2002; Whitrnoreet al. 
1994). Further, although dietary intakes can 
also be an important exposure route (Clayton 
et al. 2003; Morgan et al. 2005), we think 
it u n I i kely that d ietary exposures chan~d 
appreciably over the courre of the study. The 
U.S. EPA regulatiorswereaimed principally 
at eliminating residential u:e of chlorpyri -
fos, and it is still widely l.fed in q:Jriculture 
including on fcod crops. In addition, we have 
l::la:Ecl our CffiUmption on the high correlatiors 
that have bEen s:en in prior rexarch betw:en 
indoor and personal air le.telsof chlorpyrifos 
and other s:mivolatile ins=cticidesand levels 
in carpet dust, hand wipes, and surfco:s in 
the home (Gordon et al. 1999; Lewis 2004; 
Pang et al. 2002). A recent cggregate a:EEl:B­

ment study of chlorpyrifos exposures among 
children also found a high correlation betw:en 
exposures via the inhalation and dermal routes 
(Morgan et al. 2005). Thus, it is likely that 
the decra:r::e in chlorpyrifos in personal and 
indcorairsamples we found here also reflects 
a decra:Ee in residential exposures via dermal 
al:mrption and nonintentional ingestion, but 
we did not rrecsure theexact mq:Jnitudeof 
the cha~ in exposures via thEre other routes. 

In conclusion, our prior re333rch hcsshONn 
that the U.S. EPA restrictiorson residential 
us:s of chlorpyrifos were remarkably effective at 
eliminatingS3IESof the ins:cticide in inner-city 
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communitiES in New York City (Carlton et al. 
2004) and at reducing personal and indoor 
air le.telsanong subjects in the pre:ent cohort 
(Whyatt et al. 2007). The pre:ent study pro­
vides a vivid illustration of theeffia:cy of the 
restrictiors to reduce the internal dcreof chlor­
pyrifcs to mother and fetus during pregnancy. 
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